hydrogen that is exchangeable with the isotope. This value represents a maximum upward distortion of total body water measurements by isotope dilution, due to the maximum possible exchangeability in these molecular conformations.
From comparative measurements reported in the literature it is clear that this maximum is not achieved during the short period of time during which tritium-dilution studies are performed. It is the authors' belief that the hard-toexchange amide hydrogens described by Blout in the protein conformations account for this failure of the isotope to achieve complete exchange in the short time allowed. body composition; tritium space; protein conformation; isotope dilution FOR THE PAST THIRTY YEARS, since first conceived by Hevesy and Hofer (7) and reported in laboratory animals by Moore (10) total body water (TBW) has been measured by the dilution of isotopic water.
Both of the hydrogen atoms of water are fully exchangeable with isotopic water tagged by substituting hydrogen with either deuterium or tritium. It is on this fact that the measurement of total body water is based. After injection of the tracer dose of tritiated or deuterated water, a period of equilibrium is allowed to pass. Samples of blood or other body fluids are then taken, appropriately treated by distillation or oxidation, and measured for isotope concentration. By this simple isotope-dilution formula, the equilibrium concentration being taken as the denominator, the total volume of dilution is calculated and reexpressed as total water. In practice an equilibrium time of approximately 2 h has been shown to be satisfactory for mixing and exchange in mammalian body water although over 95% of the exchange occurs much more rapidly than that. Losses in expired air and urine are negligible because of the long half-life of isotopic hydrogens in the body, approximately 11 days as determined by Schloerb et al. (12) .
A potential fault could lie in the existence of biological compounds soluble in body water, containing hydrogen that is exchangeable with the isotope. This exchangeable hydrogen, other than water, we have termed "nonaqueous exchangeable hydrogen." Were this to be a large fraction of the total exchangeable hydrogen of the body, the total body water would display a systematic nonrandom error demonstrating a factitiously high value.
There is an impressive body of experimental data (9, (15) (16) (17) 20) to show that hydrogen exchange with an appropriate isotope does take place in the case of all organic compounds containing hydroxyl or amino groups in certain conformations. This recombination may not always be a direct substitution, but rather an exchange following ionization of the hydrogen or hydroxyl component of the compound in solution, followed by alternative recombination with the isotope. Moore et al. (11) have estimated that this nonaqueous exchangeable hydrogen accounts for l-Z% of the total exchangeable hydrogen in the body, the remainder being water. In any event, the only true validation for the total body water method depends on measurement by isotope dilution followed then by a desiccation measurement of the total water of the carcass or whatever other tissue is being considered.
In a recent series of experiments Tisavipat and Huggins (18) have reported systematic errors by which the isotope-dilution value exceeds the total body water as measured directly by desiccation, by amounts as great as 842% of the latter.
Although isotopic hydrogen is incorporated into a variety of molecules by synthetic processes, the halftime of these biosyntheses is so slow and the quantity so small as to consume trivial amounts of hydrogen during the first few hours that the isotope is present. Similarly, the appearance of new untagged water by the oxidation of fat and carbohydrate during the equilibrium period would add to the dilution of the injected isotope but, again, the total amounts involved during a l-or Z-h period would be trivial.
One is therefore left with the possibility that Huggins' data demonstrate a much larger fraction of body hydrogen as being in the "nonaqueous exchangeable hydro- In a subsequent paper a comparison between TBW measured by desiccation and by tritium in the rat will be described.
NONAQUEOUS EXCHANGEABLE HYDROGEN IN PROTEIN
It is known (9, 12, 20) that the exchangeable hydrogen atoms are those located in carboxyl, hydroxyl, amino, imino, sulfhydryl, and other groups in which hydrogen is bound to atoms other than carbon. Hydrogen bound directly to carbon is not exchangeable with isotopic hydrogen. Isotopic hydrogen is placed in those linkages only during synthesis, a process whose net effect is negligible over the short term of isotope equilibration by exchange.
We have calculated the percentage of hydrogen exchangeability in each amino acid, as based on the foregoing considerations.
From this it is possible to calculate the percentage of the exchangeability of hydrogen in several representative proteins naturally occurring in mammals.
In Table 1 are shown the amino acids naturally occurring in mammalian protein, with their formulas, molecular weights, the number of theoretically exchangeable hydrogen atoms in each molecule, as well as the percent of the total molecular weight represented by the exchangeable hydrogen fraction.
In Table 2 the composition of collagen, the most ubiquitous protein in mammals, is shown; the percentages of tropomysin.
It should be noted that while in the composition of collagen the total sum of the percentages of each amino acid is 100 in the other three tables the total sum of this column exceeds this value by 11.22-12.45%.
This anomaly is accounted for by the fact that the material in Table 2 (based on Tristam (19) ) is corrected for the loss of water weight in amino acids involved in peptide bond formation. The same correction is not made by Kominz et al. (8) 
1.49% of the total weight of the proteins themselves.
NONAQUEOUS EXCHANGEABLE HYDROGEN IN CARBOHYDRATES
Quantitative isotopic exchange reactions were carried out with free hexoses, their methyl glycosides, and other derivatives by Hamill and Freudenberg (4). They reported that the exchange number of hydrogen agreed closely with the number of hydroxyl groups in the sample. For sucrose, Bonhoeffer and Brown (2) had previously found that approximately one-half of the hydrogen atoms were exchangeable, but no precise value was shown. On the other hand, when glucose or glycogen is isolated from the body of an animal whose body fluids have been enriched with isotopic water, the isotope is invariably found in the product isolated, and it is precisely located in the carbon bound positions (16) . and a molecular weight of (162),, the number of exchangeable hydrogen atoms is (3), giving a percentage of hydrogen exchangeability of 1.85 %.
In branched chained polysaccharides it is obvious that the percentage of exchangeability by weight will be less than 1.85%.
However, for the purpose of estimating a theoretically maximum amount of hydrogen exchangeability, we will use the mean value of 1.85% for calculations.
NONAQUEOUS EXCHANGEABLE HYDROGEN IN LIPIDS
There is only one noncarbon-bound hydrogen atom in the general formula of fatty acids: C&H,,-,COOH. One of the most common fatty acids found in mammals is stearic acid with a formula of C,,H,,COOH.
It has a molecular weight of 284 and only one hydrogen atom is exchangeable. Therefore, the percentage of hydrogen exchangeability by weight is 0.35 %.
Triglycerides (triacylglycerols) constitute the majority of storage lipid in man. They result from the esterification of fatty acids with the three carbon alcohol, glycerol. In the process of esterification, the fatty acids lose their only exchangeable hydrogen atom and therefore their hydrogen exchangeability is 0. For our theoretical calculation we will keep the figure of 0.35%.
According to Schoenheimer and Rittenberg (13) none of the hydrogen atoms attached to pure fat should be replaceable by its isotope. Ussing (20) in short experi- Table 6 .
In Table 7 several hypothetical possibilities of hydrogen exchangeability in the different solids have been calculated, thus establishing a range of theoretical hydrogen exchangeability.
From Tables 6 and 7 , it is clear that the maximum amount of nonaqueous exchangeable hydrogen by weight in the body is 5.22% of the total exchangeable hydrogen. Stated otherwise, a maximum upward distortion of total body water measurements due to the maximum possible exchangeability in these biochemical components would amount to an error of 5.22% of the There is evidence that protein hydrogen exchangeability can be modified by exercise. Krogh and Ussing (9) in studies with frogs observed that during a 12-h period the uptake weight of deuterium increased by muscular activity. The authors postulated that a particular atom taken up in a certain position by contraction may be removed to some other place and leave the active group ready for repetition of the exchange.
We have been unable to find any in vivo study in the literature where the dynamics of nonaqueous exchangeable hydrogen following changes in pH were investigated. Changes in pH would alter dissociation rates and this might affect the amount of nonaqueous hydrogen availability. 
